The objective of this study was to determine the effect of dietary restriction on the spontaneous occurrence and the progression of leukemia in male F344 rats. The analysis involved both sacrificed rats and those that died spontaneously. These rats had been either ad libitum fed (AL) or restricted to approximately 60% of the ad libitum intake (DR) from 6 weeks of age. Dietary restriction delayed spontaneous death due to this disease by delaying the occurrence of leukemia. However, dietary restriction did not retard its progression, i.e., the time between occurrence and death. CORRECTION Masoro, E. J.; McCarter, R. J. M.; Katz, M. S.; McMahan, C. A. Dietary restriction alters characteristics of glucose fuel use. J. Gerontol. Biol. Sci. 47:B202-B208; 1992. The y axis of Figure 2 should read ng/ml, not mg/ml.
R ESTRICTION of dietary energy intake of rodents throughout life below the intake of ad libitum fed (AL) animals has been found to reduce the prevalence or delay the appearance of spontaneous neoplasms, or both, depending on the rodent species and strain and on the particular neoplastic lesion (Weindruch and Walford, 1987) . This influence on neoplastic disease appears to be partly responsible for the well-known ability of the restriction of energy intake to extend the life span. However, the extent to which this dietary manipulation (often referred to as dietary restriction or DR) influences the progression following the onset of a neoplastic lesion remains to be explored for most tumor types, as does the role of such an action in life prolongation. Tannenbaum and Silverstone (1953) reported a decrease in the growth rate of spontaneous mammary carcinoma and in the frequency of its lung metastases in dietary restricted (DR) C3H mice, which, presumably, resulted in lengthening of the life span. Since then, there have been few reports concerning the impact of dietary restriction on the progression of spontaneous neoplastic processes in relation to life span. One reason for this dearth of information is the difficulty in detecting the time of onset of neoplasms in internal organs during the life span of the animal. Another reason is the lack of availability of data on cause-specific mortality, making it impossible to estimate the time between the onset of a particular neoplasm and death.
Recently, data from rats that died spontaneously in previously published studies from our laboratory were reevaluated in regard to the effect of diet on neoplastic disease processes . In this reanalysis, the statistical approach of Peto et al. (1980) was applied to correct the inherent bias in data obtained from spontaneously dying animals. Peto et al. and Gart et al. (1986) have discussed in detail the bias in long-term animal studies on carcinogenesis. Briefly, the prevalence of a particular neoplasm at the time of death of animals is often affected by mortality from other diseases (intercurrent mortality); i.e., animals might die from other diseases before the occurrence of the neoplasm of interest. The mortality rate due to a neoplasm may also be affected by mortality from other diseases; i.e., death from the neoplasm might be prevented because of intercurrent mortality. For example, leukemia, which is a major potentially fatal neoplasm in male F344 rats, was found in our studies (Masoro et al., 1989) to have a higher prevalence in DR than in AL rats at the time of spontaneous death. Nephropathy, which develops in AL rats but not in DR rats, is a major intercurrent mortality in these male F344 rats. Peto et al. (1980) presented a practical way of correcting biased data from long-term animal studies of neoplastic disease; they classified the neoplasm of interest based on cause of death (i.e., whether or not the neoplasm contributed to death of an animal) and analyzed the prevalence rate and the death rate separately. Using this method, Shimokawa et al. (1991) concluded that DR either suppressed the onset or the development (progression) of leukemia, thereby delaying the occurrence of death due to leukemia. A similar analysis indicated that it has such an action for neoplasms in general . The question that remains to be addressed is whether DR retards the progression of leukemia after the onset, i.e., the time between the occurrence and death from leukemia. This article reports an assessment of this issue based on the statistical approach of Kodell et al. (1982a; 1982b) for estimating distributions of time to occurrence of a particular disease and of time to death due to the disease, thereby providing information on the progression of the disease. The results indicate that DR does not retard the progression of leukemia, a major cause of death in male F344 rats (Coleman et al., 1977; Losco and Ward, 1984) .
MATERIALS AND METHODS
The data utilized in this report were obtained in studies conducted at the University of Texas Health Science Center at San Antonio from 1983 to 1987. Rat maintenance and dietary manipulations, as well as data on longevity and pathological findings, have been previously reported (Yu et al., 1985; Iwasakietal., 1988; Masoroetal., 1989) . Briefly, male F344 rats were purchased as weanlings (26-30 days of age) from the Charles River Laboratories, Kingston, NY, and were maintained in a specific pathogen-free condition B68 Downloaded from https://academic.oup.com/geronj/article-abstract/48/2/B68/542377 by guest on 02 February 2020
DIETARY RESTRICTION AND LEUKEMIA IN MALE F344 RATS
B69 during the study. The rats were cared for and used in accordance with the guidelines of the University of Texas Health Science Center. From weaning at 4 weeks of age until 6 weeks of age, all rats were fed our standard semisynthetic diet ad libitum. After 6 weeks of age, a group of rats (Group DR) was restricted to approximately 60% of the energy intake of control rats fed ad libitum (Group AL). The composition of the diets and the procedure for measuring the amount of food eaten were presented in a previous report (Yu et al., 1985) . Of the 250 Group AL and 146 Group DR rats for which age at death and type of death (i.e., spontaneous or sacrificed) are known, pathological analyses are available for 148 rats in Group AL and 109 in Group DR. A pathologist (I.S.) reviewed the gross findings and microscopic slides from those rats without reference to the dietary group and age of the rats or to previous diagnoses by other pathologists. The leukemia observed in rats was classified on an ordinal scale according to the criteria of Peto et al. (1980) This interpretation of the categories is in accord with the view of Peto et al. in regard to fatal and incidental lesions. In this report, the validity of this classification has been tested by comparing the prevalence of leukemia in rats that died spontaneously with the prevalence in sacrificed rats. In this analysis, spontaneous death from nonleukemic causes is assumed to be under the same censorship as that of the randomly sacrificed rats. Thus, these two prevalences of leukemia, one derived from rats that died spontaneously and the other derived from sacrificed rats, should not differ significantly. The prevalence was calculated when categories [1] and [2] or categories [1], [2], and [3] were taken as incidental at intervals in which the number of rats were statistically sufficient.
Conditional resistance and survival functions of leukemia were generated nonparametrically by the method of Kodell et al. (1982b) . Briefly, S(t) is the disease resistance function for the probability that a rat will not have leukemia by time t, given that it does not die of a competing risk before t. Thereby, R(t) = 1-S(t) represents the distribution function for time to occurrence (pathological appearance) of leukemia. P(t) is the survival function for the probability that a rat will not die before time t of leukemia, given that it does not die of a competing risk before t. Q(t) = 1 -P(t) represents the corresponding mortality function. S'(t), P'(t), R'(t), and Q'(t) were product limit estimators for S(t), P(t), R(t), and Q(t), respectively. Detailed descriptions of the theories and assumptions needed for this analysis are presented in the publications of Kodell et al. (1982a; 1982b) , in which the procedures for the generation of S'(t) and P'(t), and then R'(t) and Q'(t) were described.
The following information was assembled for the rats that were the data source of the present study: (a) the ages at death, t ( , of rats which died from leukemia; (b) the ages of death, u jk , of rats that died of nonleukemic causes (including sacrifice) and were found to have leukemia; (c) the ages at death, v jl? of rats which died of nonleukemic causes and were found not to have leukemia. The ages at death were ordered from youngest to oldest in Groups AL and DR, respectively. The specific ages at death of animals dying from leukemia were denoted by i x < t 2 < -< t I? with frequencies d u d 2 , -, d,. For rats dying from nonleukemia causes, the time axis was subdivided in J groups composed of a sequence of observation u jk followed by a sequence of Vj, as follows:
Rats which died without leukemia prior to u n had been discarded, a^ is the number of u jk , and bj, is the number of Vj, in the jth (u,v) sequence; t, may be interspersed within a (u,v) sequence^ without acting as sequence delimiter. P'(t) and S'(t) were generated by the following formulas, P'(t) = II p^ ^ = (n r dj)/n f , where tj is the specific age at death of rats from leukemia, dj is the frequency of the death, and n, is the number of rats alive just before t f . This is the product of Kaplan-Meier survival estimator if all nonleukemic causes are eliminated. S'(t) is the joint product of the Kaplan-Meier survival estimator and "one minus" the Hoel-Walburg estimator of prevalence (Hoel and Walburg, 1972) . In this analysis, it is assumed that r'j = ^/(aj + bj) are monotonically decreasing. Therefore, adjacent (u, v) intervals were collapsed to achieve monotonicity of r'j.
Estimated standard deviations for P'(t) were calculated by Greenwood's formula:
Estimated standard deviations for S'(t) were assessed as follows:
{t, ss t nj), (a, + tyij}, u, ^ t < uj + 1.
The maximum likelihood estimator for the pth quantile was also calculated for R'(t) and Q'(t); R'(p)-1 = inf{t:R'(t) s* p}, Q'(p)-1 = inf{t:Q'(t)-J ^ p} (Sander, 1975) . The time lag between R'(p)" 1 and Q'(p)" 1 is considered to be a rough estimate of the time to death from leukemia after its occurrence.
RESULTS
Leukemia was found histologically in 41 out of 148 rats in Group AL and 43 out of 109 rats in Group DR. Numbers of rats bearing leukemia in each category are summarized in Table 1 . When not corrected for bias due to intercurrent mortality, the proportion of rats bearing leukemia appeared to be higher in Group DR. Leukemia was found more frequently in incidental categories in Group AL and more frequently in fatal categories in Group DR. However, these results are biased by intercurrent mortality, which refers to interim deaths not related to the development of leukemia. Data on leukemia in these F344 rats corrected for this bias have been published recently by Shimokawa et al. (1991) .
Results of the test of the validity of the classification of leukemia are presented in as incidental, and in which category [3] was taken as fatal (Tables 3-6) .
Estimated values of S'(t) and P'(t) are presented in Tables 3-6. Corresponding R'(t), time to occurrence of leukemia, and Q'(t), time to death from leukemia, are graphically shown in Figures 1 and 2. Both the occurrence and the mortality curves of Group DR shifted to the right regardless of the treatment of category [3] . Quantiles of 0.125, 0.25, and 0.5 in R'(t) and Q'(t) were summarized in Table 7 . The time for development (i.e., the progression rate) of leukemia was not increased in Group DR as compared to Group AL, because the time lag between R'(p) 1 and Q'(p)" 1 is considered to be a rough estimate of the time to death from leukemia after its occurrence. The time lag of Group DR, if anything, is short compared to AL rats.
DISCUSSION
The occurrence and mortality curves derived from the statistical method of Kodell et al. (1982a; 1982b) are important descriptors of leukemic processes in rats. However, the method requires the critical assumption that the cause of death has been accurately determined for each rat. The validity of this assumption is difficult to establish because cause of death is a judgment made by the pathologist. The validity was tested in this report by comparing the prevalence of leukemia derived from rats that died spontaneously with that of the sacrificed rats using categories [ 1 ] and [2] as incidental or categories [1], [2] , and [3] as incidental. The results showed no difference in prevalence between spontaneously dying and sacrificed rats whether category [3] was classified incidental or fatal.
Our analysis indicates that DR does not slow the progression of spontaneous leukemia in male F344 rats; i.e., the time to death of leukemia after its occurrence is not lengthened. Apparently, it is the older age of occurrence in DR rats Adjacent (u,v) intervals have been collapsed to achieve monotonicity of r'j = bj'(aj + bj).
••Estimated standard deviations in parentheses. which delays death from leukemia and thereby extends the length of life. In this.report, formal statistical tests for the difference between the times of development of leukemia have not been made other than standard deviations for Kodell's estimators. Statistical tests have not been worked out for Kodell's estimators, R'(t) and Q'(t), and thus the time lag " Q'(t)-R'(t)." Thus, our analysis is intuitive and preliminary, but provides strong evidence that the progression of the leukemic processes in Fischer 344 rats is not slowed by DR.
To our knowledge, there are no other reports on the effect of DR on the progression of spontaneously occurring leukemia. Flory et al. (1943) reported that DR prolonged the survival of mice after the transplantation of leukemia in two out of the four strains tested. Saxton et al. (1944) reported a delay in onset of spontaneous leukemia in underfed mice. The present finding with male F344 rats provides further evidence that the effect of DR on spontaneous leukemogenesis in rodents is mainly due to its action on the age of onset of the disease. Any influence of DR after occurrence of leukemia is minor at most.
In contrast, DR retards the growth of spontaneous mammary tumors in C3H mice (Tannenbaum and Silverstone, 1953) . The development and growth of mammary tumors which either occur spontaneously or are chemically induced can be modulated by estrogen and prolactin. An elevation of serum prolactin increases the growth rate of mammary tumors (Meites, 1972) . It has been suggested that DR inhibits mammary tumor growth in part by reducing the blood level of prolactin (Sarkar et al., 1982) . Thus, in the case of some hormone-dependent tumors, DR can slow the progression of the tumors.
The mechanisms by which DR delays the occurrence of leukemia still remain to be elucidated. In mammary tumors of rats it has been suggested that DR reduces the rate of DNA synthesis in the target organ and thereby inhibits tumorigenesis (Sinha et al., 1988) . Mechanistically the reduction in the rate of DNA synthesis probably acts by decreasing the chance of spontaneous genetic mutations. Spontaneous leukemia is reported to occur from large granulocytic lymphocytes in Fischer 344 rats (Losco and Ward, 1984) . DR could delay the occurrence of leukemia by decreasing the rate of DNA synthesis in or proliferation of cells in large granulocytic lineage. Which, if either, is involved remains to be determined.
